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The aromatic character of [10]annulenes and
dicupra[10]annulenes from current density calcula-
tions
Maria Dimitrovaa and Dage Sundholma
We have investigated aromatic properties of seven low-lying isomers of [10]annulene and of
the recently synthesised dicupra[10]annulene compounds that were crystallised with two or four
lithium counterions (Wei et al. J. Am. Chem. Soc. (2016) 138 60-63). The molecular structures
of the [10]annulene conformers and the dicupra[10]annulenes with bulky trimethylsilyl (TMS) and
phenyl groups, as well as the corresponding unsubstituted dicupra[10]annulenes were optimised
using density functional theory, employing a semi-empirical dispersion correction to consider van
der Waals interactions. The structures of the hydrocarbon annulenes were subsequently opti-
mised at the SCS-MP2/def2-QZVPD level. Single-point coupled-cluster calculations with explicit
treatment of the electron correlation CCSD(F12)(T) were performed to obtain the relative ener-
gies of the hydrocarbon annulenes. Four of the conformations lie close in energy relative to each
other. Three substituted and three unsubstituted dicupra[10]annulenes structures with either four,
two or no Li+ counterions were investigated. Magnetically induced current densities calculated
using the GIMIC program were used for the assessment of the aromatic properties of the stud-
ied molecules. The conformations of [10]annulene with lowest energies are non-aromatic. The
calculations revealed that the electron donation of the lithium atoms to the dicupra[10]annulene
core significantly affects the electronic and molecular structures of the dicupra[10]annulenes. The
annulene ring is non-planar for all studied dicupra[10]annulenes except for the unsubstituted one
with four Li+ counterions, which was also found to be the only molecule that sustains a strong
diatropic ring current around the dicupra[10]annulene ring. The five other dicupra[10]annulenes
sustain very weak net ring currents and can be considered non-aromatic.
Introduction
Classical examples of aromatic 10 pi-electron systems are naph-
thalene and azulene, both of which have planar geometry. The
hydrocarbon [10]annulene also possesses 10 pi electrons, how-
ever, it does not exhibit any strong aromatic character.1,2 The
planar all-cis structure suffers from bond-angle strains. Differ-
ent out-of-plane conformations with more natural bond angles
have been suggested in the literature based on the measured pro-
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ton nuclear magnetic resonance (1H NMR ) spectra and compu-
tational data.3–9 The energy differences and the barriers between
the conformations are very small because the potential energy
surface of [10]annulene is flat.1
The planarity of the [10]annulene core can be forced,
for example, by introducing a methylene bridge, forming
1,6-methano[10]annulene.5,10,11 Peaks of aromatic protons
were found in the 1H NMR spectrum of the bridged bicyclic
molecule.10 Therefore, one would expect that a prerequisite for
aromatic properties of the dicupra[10]annulenes is a planar struc-
ture of the annulene core.
In 2015, Wei et al.synthesised copper-based metallanaph-
thalenes from substituted 1,4-dilithio-1,3-butadienes and Cu(I)
salts.12 The main product they isolated was dicupra[10]annulene
with three trimethylsilyl (TMS) and three phenyl groups at the
carbon atoms (Figure 1), which crystallised with four lithium
counterions, two on each side of the core structure (molecule B4).
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They also found small amounts of a product coordinating only
two lithium ions on one side of the annulene moiety (molecule
B2), which was obtained in good yield using a different synthetic
pathway, as reported in the same work.12
(a) (b)
Fig. 1 Structural formula of dicupra[10]annulene (a) without
substituents (A0) and (b) with trimethylsilyl (TMS) and phenyl groups
(B0). The subscript index indicates the number of lithium ions
coordinated to the annulene core.
The dicupra[10]annulene core possesses 8 pi electrons. Each
copper atom contributes a valence σ electron, hence the elec-
tronic configuration of the ten-member moiety follows the (4n+2)
Hückel rule for aromaticity.13,14 However, each lithium atom in
the crystalline structure donates an electron to the ring system,
making structure B2 to 12-valence-electron system, and B4 has 14
valence electrons. According to the Hückel rule, B2 is expected
to be an antiaromatic molecule with 4n valence electrons and B4
an aromatic molecule having (4n+2) delocalised electrons in the
ring.
Wei et al. performed a thorough characterisation of the syn-
thesised copper-based annulenes. 7Li NMR spectroscopy yielded
chemical shifts for B4 that are typical for aromatic molecules.12
The x-ray structural analysis revealed that the annulene moi-
ety in B4 is close to planar, whereas in B2 the annulene moi-
ety is twisted. Wei et al. further used computational approaches
such as the isomerisation stabilisation energy (ISE) method15 and
the nucleus-independent chemical shifts (NICS) method16,17 to
assess the degree of aromaticity. The results of the computa-
tional studies also suggested that B4 is aromatic and B2 is non-
aromatic.12
The dicupra[10]annulene with hydrogen atoms at all carbon
atoms and two (A2) or four (A4) lithium ions was recently in-
vestigated computationally by Grande-Aztatzi et al. 18 They em-
ployed the normalised Giambiagi multicentre electron delocalisa-
tion index ING to evaluate the electron density distribution in the
molecule, claiming that it is a reliable marker for the aromatic
character of the molecules.19–26 The conclusion based on their
calculations was that molecule (A4) and naphthalene have com-
parable aromatic character. They further reported the NICS(0)
and the NICS(0)zz values, both of which are more negative than
the respective values for naphthalene. These results suggested
that structure A4 is even more aromatic than naphthalene.18
Molecular-orbital analysis of the aromatic properties of A2 and
A4 has recently been reported by An et al. 27 They also calculated
nucleus independent chemical shifts (NICS(0)zz) and anisotropy
of the induced-current densities (ACID) functions.17,28 The
NICS(0)zz and ACID calculations suggested that A4 is aromatic
and A2 is antiaromatic.
In this work we assess the aromatic character of the
dicupra[10]annulenes by calculating magnetically induced cur-
rent densities and analysing their pathways. We investigate the
effect of the large substituents on the geometry and the aro-
matic character by studying dicupra[10]annulenes with hydro-
gen atoms (An) at the carbon atoms as well as the correspond-
ing molecules with trimethylsilyl (TMS) and phenyl groups sub-
stituents replacing the hydrogens (Bn). The index n denotes to
the number of lithium counterions in the molecule. The current
densities are compared to those obtained for naphthalene, which
is a typical 10 pi-electron bicyclic aromatic molecule. We also
analysed the current pathways in four conformations of [10]an-
nulene without metal atoms, which is traditionally considered to
be a non-aromatic molecule.
The paper is structured as follows. After we introduced the
scientific problem and a brief discussion of previous studies on
the dicupra[10]annulenes, we describe in the next section the
computational tools that we have employed. Then, we present
computational procedures in more detail and discuss the obtained
results. The main conclusion are drawn in the last section.
Computational methods
The molecular structures of the dicupra[10]annulenes and naph-
thalene were optimised at the density functional theory (DFT)
level with TURBOMOLE employing the BP86 density functional
and the triple-ζ def2-TZVP basis set with Grimme’s D3-BJ disper-
sion correction.29–38 The optimisation of the molecular geome-
tries was speeded up by using the resolution-of-the-identity (RI)
approximation.39 The structures of a few conformers of [10]an-
nulene were optimised at the B3LYP/def2-TZVP/D3-BJ and SCS-
MP2/def2-QZVPD levels of theory.40–47 Single-point calculations
were performed at the explicitly correlated coupled-cluster sin-
gles and doubles level with a perturbative treatment of the triples
using the F12 ansatz (CCSD(F12)(T)). The CCSD(F12)(T)/def2-
TZVP calculations correspond to CCSD(T) calculations close to
the basis set limit.48–55 The optimised SCS-MP2/def2-QZVPD
structures were used in the CCSD(F12)(T)/def2-TZVP calcula-
tions. Zero-point energy contributions and entropy effects were
estimated by performing B3LYP/def2-TZVP/D3-BJ calculations of
the vibrational energies using the AOFORCE module of Turbo-
mole.56 The m5 integration grid was used in the DFT calcula-
tions.57
The nuclear magnetic shielding calculations were performed at
the B3LYP/def2-TZVP level of theory.32,33,35–37,58 The geometry
and basis set data, as well as the unperturbed and magnetically
perturbed density matrices were used as input to the GIMIC pro-
gram.59
GIMIC is an open-source program for visualisation and numer-
ical integration of the magnetically induced current density sus-
ceptibilities in the limit of zero external magnetic field for open-
and closed-shell molecules. The current densities depend on the
strength of the external magnetic field multiplied with the cur-
rent density susceptibility. In the discussion, we refer to them
as current densities for simplicity. Current-strength susceptibilities
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(current strengths) can be obtained by performing integration of
the current density that passes planes positioned perpendicularly
to the molecular plane. Integration planes can begin at the ring
centre and then cross a chemical bond or pass through an atom.
The end of the integration plane is far away from the molecule,
where the current density vanishes. For practical purposes the in-
tegration can end 10 bohr away from the chemical bond as well
as 10 bohr above and below the molecular plane. The integration
yields the induced current densities going in diatropic or para-
tropic direction, as well as the net current strength passing the
integration plane.
Rationalisation of the strength of the various induced current
loops can quantitatively be done by splitting the integration plane
into thin slices that are for example 0.02 bohr wide. The current
strength is obtained by adding the current contributions from the
thin slices. Plotting the integrated current strength of the indi-
vidual slices as a function of the position of the slices yields the
profile of the current density passing the integration plane. Cur-
rent density profiles consist of separate domains corresponding to
local currents which include atomic, bond, and ring currents. The
global current flows along the perimeter of the whole molecule.
In complicated polycyclic molecular systems, there may be semi-
local currents which flow around several molecular rings but not
around the entire molecule. Further details on the GIMIC method
and its applications are provided in the extensive review by Sund-
holm et al. 60
Qualitative inspection of the induced current pathways can be
done with a streamline representation of the current-density vec-
tor field calculated on a 3D numerical grid. The visualisation
of the current density assists the choice of integration planes
for quantitative analysis. The images were obtained by apply-
ing the line integral convolution (LIC) plugin in Paraview with a
colour scheme corresponding the current strength.61 Current pro-
files calculated in planes that are perpendicular to the molecular
plane and integration of the individual current strength contri-
butions reveal what is the current-density flow in the molecule.
This technique was recently employed to rationalise the compli-
cated pathways in polycyclic molecules.62 VMD and GIMP are
other tools that we use for creating graphics.63,64
Results
Naphthalene
Even though the aromatic character of naphthalene has been pre-
viously studied by many research groups,17,60,65–71 we also inves-
tigate it with the same tools as we use in the dicupra[10]annulene
study. Based on the visual analysis of the streamline plots, we
identified paratropic ring currents in the six-member rings, and a
global current looping around the whole molecule. A notable fea-
ture is the current density in the pi orbitals at the central bond be-
tween the C5 and C10 atoms (Figures 2 and 3). The bond current
in the C5–C10 bond is significantly stronger than the bond current
in the C–C bonds of benzene or in the C–C bonds of the perimeter
of naphthalene. The current vortex of the shared bond persists
far away from the molecular plane, in contrast to typical σ bond
currents that vanish at about 1 bohr from the molecular plane.
Fig. 2 LIC representation of the current density 1.5 bohr from the
molecular plane of naphthalene.
Fig. 3 Labels of the integration planes used in the analysis of the
current density in naphthalene.
The current flow 1.5 bohr above the molecular plane is visualised
in Figure 2. It is shown in greater detail in the electronic supple-
mentary information (ESI).† Three integration planes were used
for the rationalisation of the induced current strengths as shown
in Figure 3. Plane a begins at the ring centre and plane b begins
at the centre of the C5–C10 bond. They both extend far outside
the molecule. Plane c goes from ring centre to ring centre. The
net current strengths as well as the diatropic and paratropic con-
tributions are given in Table 1.
Table 1 The magnetically induced current strengths (in nA/T) passing
planes a, b and c in naphthalene.
Plane Net Diatropic Paratropic
a 12.60 17.61 -4.99
b 21.18 30.47 -9.13
c 0.00 7.74 -7.74
[10]annulene
Based on the benzene structure, a first guess for the molecu-
lar structure of [10]annulene would be the all-cis conformation.
However, this structure was discarded already in the early pre-
dictions of its molecular geometry.3 Other conformations have
been suggested based on experimental data and on calculations
at fairly low levels of theory. In more recent calculations at the
CCSD(T)/DZd level of theory,8 King et al. identified three confor-
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mations of [10]annulene with relative energy differences of less
than 5 kcal/mol. The structures are shown in Figure 4. Here,
we adopted the reported structures and re-optimised them at
the SCS-MP2/def2-QZVPD level of theory. The obtained struc-
tures agree well with the ones for the conformers investigated
by King et al. The root-mean-square deviation (RMSD) for the
structures are only 0.03–0.09 Å. Structural optimisations at the
B3LYP/def2-TZVP/D3-BJ level yielded RMSD deviations of 0.01–
0.05 Å from the structures obtained at the SCS-MP2/def2-QZVPD
level. Relative energies were obtained by performing single-point
calculations at the CCSD(F12)(T)/def2-TZVP level using the SCS-
MP2/def2-QZVPD structures. Free-energy differences were ob-
tained at T=298.15 K by calculating vibrational effects at the
B3LYP/def2-TZVP/D3-BJ level corrected for rotational and trans-
lational contributions estimated at classical level of theory.
At DFT level the planar all-cis conformer has two imaginary vi-
brational frequency, suggesting that it is a transition state. This
conformer is a transition state between mirror images of the re-
ported minima. By moving atoms along the imaginary vibrational
modes we obtained different slightly bent structures. Some of
them are shallow local minima and consecutive distortions of the
structures lead to the low-lying twist and boat conformers. The
five structures studied by King et al. lie within 6 kcal/mol relative
to each other at the CCSD(T) level. By considering zero-point vi-
brational energies and entropy effects calculated at room temper-
ature, the energy difference increases to 7 kcal/mol. The small
energy differences suggest that transitions from one conformer
to the other can occur at ambient temperature. The energies at
the CCSD(F12)(T) level of theory set the conformers in following
order of decreasing energy: twist < naphthalene-like < heart-
shaped < boat < azulene-like. The obtained trend largely agrees
with the findings of King et al. ,8 who concluded that the boat
conformer is more stable than the heart-shaped one.
The most stable conformer is a non-planar twisted structure. It
sustains a weak ring current of 0.58 nA/T, showing that it is non-
aromatic. The naphthalene-like conformation lies 1.6 kcal/mol
higher in energy. It exhibits a global diatropic current of 9.73
nA/T that is almost cancelled by the global paratropic current
yielding a net ring current of only 2.91 nA/T. The heart-shaped
conformation is the least stable structure of the three. It is nearly
planar, with one hydrogen pointing inwards to the centre of the
ten-member ring. It is strongly aromatic with a net ring cur-
rent of 17.32 nA/T, which is in agreement with the findings by
Sulzbach et al. 6,7 However, the existence of the heart-shaped
structure has not been confirmed experimentally. The azulene-
like conformation is about 1.0 kcal/mol higher in energy than
the heart-shaped conformation and it is also aromatic. The boat
conformation lies energetically between the heart-shaped and the
azulene-like structures. The all-trans [10]annulene is an interest-
ing structures that have not been observed in laboratory condi-
tions.72 The all-cis conformer lies high in energy and is a planar
transition state. It is aromatic and sustains a net current of 19.36
nA/T. The all-trans conformer exhibits in-plane conjugation, with
the pi orbitals pointing inwards and outwards. Current density
calculations show that it is strongly aromatic, sustaining a ring
current of 14.90 nA/T. It is noteworthy that unlike usual cyclic
molecules, the all-trans conformer does not exhibit any signifi-
cant paratropic ring current. The experimentally known isomers
of [10]annulene are non-aromatic,1 whereas the heart-shaped,
the all-cis and the all-trans conformers are aromatic according to
the present calculations. Current profiles and streamline visuali-
sations of the current densities are provided in the ESI.†
(a) (b)
(c) (d)
(e) (f)
(g) (h)
Fig. 4 The molecular structures of five low-lying conformers of
[10]annulene as well as of the all-trans and the all-cis conformations. (a)
twist, top view; (b) twist, side-view; (c) naphthalene-like; (d)
heart-shaped; (e) azulene-like; (f) boat; (g) all-cis ; (h) all-trans .
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Table 2 Relative energies (∆E in kcal/mol) of the investigated
[10]annulene conformers as obtained in CCSD(F12)(T)/def2-TZVP
calculations with the molecular structures optimised at the
SCS-MP2/def2-QZVPD level. The zero-point energies (ZPE) and
vibrational entropy contributions to the Gibbs free energy (∆G in
kcal/mol) at 298.15 K were calculated at the B3LYP/def2-TZVP/D3-BJ
level of theory. The translational and rotational entropy contributions to
the free energy were obtained classically.
Molecule ∆E ZPE+Entropy ∆G
twist 0.00 0.00 0.00
naphthalene-like 1.02 0.56 1.58
heart-shaped 3.46 1.54 5.00
azulene-like 6.04 0.95 6.99
boat 5.42 -0.27 5.15
cis a 26.40 4.34 30.74
trans 79.01 -0.25 78.76
a Transition state structure with two imaginary frequencies.
Table 3 The magnetically induced current strengths (in nA/T) passing
the integration planes in the investigated conformers of [10]annulene.
Conformer Net Diatropic Paratropic
twist 0.58 3.41 -2.82
naphthalene-like 2.91 9.73 -6.84
heart-shaped 17.32 21.87 -4.55
azulene-like 13.80 18.60 -4.95
boat 0.58 7.57 -6.39
all-cis a 19.36 23.90 -4.23
all-trans 14.90 16.41 -1.52
a Transition state structure with two imaginary frequencies.
(a) (b)
(c)
Fig. 5 Side view of the dicupra[10]annulenes without bulky substituents
and (a) no lithium ions (A0), (b) two lithium ions (A2) and (c) four lithium
ions (A4). The carbons are shown in black, hydrogens are white,
coppers are red, and lithiums are pink.
Dicupra[10]annulenes
We have investigated dicupra[10]annulenes with hydrogen atoms
at the carbon atoms (A0, A2, A4), as well as with phenyl and TMS
groups as substituents (B0, B2, B4). The structures are shown in
Figure 1. The number of lithium ions (n) plays an important role
for the structure and aromaticity of the dicupra[10]annulenes as
pointed out by Wei et al. 12 Each lithium atom donates one elec-
tron to the dicupra[10]annulene core, which affects its aromatic
character. In the absence of bulky substituents, the hydrocarbon
fragments consisting of four CH groups are planar in all three An
molecules. However, the hydrocarbon fragments tilt relatively to
each other. The tilting angle depends on the number of Li+ ions.
A side view of the molecules is shown in Figure 5. The dihedral
angles are listed in Table 4.
Table 4 Selected dihedral angles in degrees (◦) as labelled in Figure 6
Molecule Angle 1 Angle 2 Angle 3 Angle 4
A0 −0.2 52.4 178.4 22.6
A2 0.0 0.1 171.6 15.3
A4 0.0 0.0 180.0 0.1
B0 −0.3 −70.9 −87.9 −91.1
B2 20.5 −95.8 130.3 −36.6
B4 8.3 −58.0 −154.4 −25.0
Fig. 6 The labels of the dihedral angles listed in Table 4.
Unsubstituted dicupra[10]annulene
Based on visual inspections of the current density loops and vor-
tices, we defined three integration planes, shown in Figure 7. The
same integration planes were chosen as for naphthalene. Since
there is no vortex at the centre of the six-membered ring, plane
c is replaced by extending plane a to the center of the molecule
(a∗). The calculated current strengths crossing the selected inte-
gration planes are given in Table 5. There is a very strong atomic
current around the copper atoms, which one might expect for
heavy elements with a large number of electrons. Atomic cur-
rents for carbon atoms usually are weaker than 2 nA/T, whereas
for copper we obtained diatropic atomic currents that are up to
two orders of magnitude stronger.
Fig. 7 The integration planes used in the current density analysis of the
dicupra[10]annulenes are shown in red.
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Fig. 8 LIC representation of the current density 1.0 bohr from the base
plane in molecule A0. The white curve illustrates the semi-local current
pathway on one side of the molecule.
Table 5 The magnetically induced current strengths (in nA/T) in the
unsubstituted dicupra[10]annulenes (A0, A2 and A4) calculated at the
B3LYP/def2-TZVP level of theory. Plane a∗ begins in the midpoint
between the copper atoms.
Molecule Plane Net Diatropic Paratropic
A0 a 4.57 10.17 -5.75
A0 c 0.00 3.86 -3.86
A2 a -0.13 9.33 -9.46
A2 a∗ 0.32 11.69 -11.37
A4 a∗ 15.13 28.12 -12.98
The streamline plots for molecule A0 reveal a global current
surrounding the whole molecule and local paratropic ring cur-
rents flow in the six-member rings. Semi-local current loops flow
around the hydrocarbon fragments and join the atomic currents
of the copper atoms. The semi-local currents are illustrated in
white in Figure 8. The current profiles and the streamline plots
are shown in more detail in the ESI.†
In molecule A2, local paratropic ring currents, global paratropic
and global diatropic currents were identified as shown in Figure
9. The base plane is defined by the atoms C1, C4, C5, and C8. The
Cu atoms exhibit strong atomic currents, which do not expand
towards the carbon atoms as in molecule A0. The strong diatropic
and paratropic currents passing plane b are due to the strong
atomic current of the Cu atom.
The vortex of the ring current above the six-member rings be-
comes distorted by the atomic currents that flow around the Li+
ions. Thus, for A2 and A4 the net current strength passing plane
a, which extends from the centre of the six-membered ring to
infinity, does not comprise the whole global ring current. The
problem can, to some extent, be circumvented by integrating the
net current strength passing plane a*, which has its origin at the
midpoint between the copper atoms. The profile of the current
density passing plane a* is shown in Figure 10.
The current pathways in the planar A4 molecule are practi-
cally the same as for molecule A2. However, the induced cur-
rent strengths are larger as seen in Table 5. Molecule A2 is non-
aromatic sustaining a very weak ring current. Molecule A4 is aro-
matic sustaining a net ring current of 15.13 nA/T, which is com-
parable to the net current strength of 12.60 nA/T passing plane
a in naphthalene. For comparison, the ring-current strength of
Fig. 9 LIC representation of the current density in the base plane of
molecule A2. The lithium ions are on the opposite side of the base
plane. The global diatropic current is drawn in yellow, while the global
paratropic ring current is given in white. The atomic currents around the
Cu atoms are illustrated with the blue loop.
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Fig. 10 The current strength profile for plane a* in molecule A2
obtained at the B3LYP/def2-TZVP level of theory. The origin is at the
midpoint between the copper atoms. The geometrical centre of the
six-member ring is marked with a vertical black line at a distance of 2.71
bohr from the midpoint.
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benzene is 11.66 nA/T at the same level of theory.
Fig. 11 The integration plane used in the current density analysis of the
substituted dicupra[10]annulene without lithium ions (B0) seen from
above is marked as a red line.
Substituted dicupra[10]annulenes
The phenyl and trimethylsilyl substituents significantly distort the
annulene core structure. The bulky substituents also complicate
the choice of integration planes, rendering precise determina-
tions of the current strengths difficult. The obtained ring-current
strengths are given in Table 6. Current profile plots are provided
in the ESI.†
Molecule B0 was oriented such that one of the hydrocarbon
moieties and one of the copper atoms lies in a plane perpendic-
ularly to the external magnetic field. The integration plane was
chosen according to Figure 11. The dicupra[10]annulene core of
molecule B2 is significantly distorted. We examined the stream-
line representations of the current density in the molecule but
we did not find any indication of a paratropic ring current, nor
of any currents circulating along the perimeter of the annulene
core. The integration plane was positioned as shown in Figure
12. In molecule B4 the current density visually resembles the
ones obtained for A2 and A4. We identified paratropic ring cur-
rents and diatropic current flowing along the perimeter of the
annulene core. The integration plane was positioned as shown in
Figure 13.
Table 6 The magnetically induced current strengths (in nA/T) passing
plane a in the substituted dicupra[10]annulenes (B0 and B4).
Molecule Net Diatropic Paratropic
B0 -4.1 5.0 -9.1
B2 1.2 5.4 -4.2
B4 1.2 11.3 -10.1
In molecule B0 the net current is about -4 nA/T suggesting that
it is non-aromatic or very weakly antiaromatic. It is nearly im-
Fig. 12 The integration plane used in the current density analysis of the
substituted dicupra[10]annulene without lithium ions (B2) seen from
above is marked as a red line.
Fig. 13 The integration plane used in the current density analysis of the
substituted dicupra[10]annulene without lithium ions (B4) is marked as a
red line.
possible to choose the integration plane such as it does not cross
any current vortices belonging to the bulky substituents. In the
current density profile, there is a domain corresponding to a diat-
ropic ring current of 5.0 ± 0.3 nA/T and a domain inside the ring
that yields a paratropic ring-current contribution of -9.1 nA/T.
In molecules B2 and B4 the current density profiles consist of
multiple overlapping domains and integrating them separately
was not feasible. We identified overlapping peaks correspond-
ing to the global diatropic and paratropic ring currents and esti-
mated the area as peak height times the peak width at the half
of its height. The obtained values are given in Table 6. The
annulene core of molecule B2 is very twisted as seen in Figure
14a. Weak diatropic and paratropic ring currents of 5.4 nA/T
and -4.2 nA/T were obtained, yielding an almost vanishing net
ring-current strength. In molecule B4, the strength of the dia-
tropic and paratropic contributions is about ±10 nA/T leading
again to a very weak net current strength. Thus, B2 and B4 are
non-aromatic.
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(a) (b)
Fig. 14 Comparison of the experimental x-ray structure for the
substituted molecules (a) B2 and (b) B4 (in red) with the molecular
structure optimised at the BP86/def2-TZVP/D3-BJ level of theory (blue).
The substituents are hidden for clarity. The root-mean-square deviations
of the atomic positions of the atoms of the annulene core structure are
1.05 Åand 2.12 Å for B2 and B4, respectively.
Discussion
Our computational studies reveal that [10]annulene is an inter-
esting molecule for which several different conformations were
investigated. The most stable ones, trans and naphthalene-like,
are non-planar sustaining very weak net ring currents. The nearly
planar heart-shaped, the azulene-like, the all-cis and the all-
trans conformers are aromatic since they sustain strong diatropic
ring currents. The all-cis conformation was found to be a transi-
tion state. The all-cis and all-trans conformers lie much higher in
energy than the other five structures.
The present study suggests that in the absence of lithium ions
(A0), the hydrocarbon fragments are individually planar but tilted
with respect to each other. Only molecule A4 with four Li+ coun-
terions was found to be planar. Grande-Aztatzi et al. claimed that
the annulene structures without substituents exhibit little devia-
tion from the geometry in the substituted molecules.18 However,
this does not hold for A4 and B4. The planar unsubstituted A4
structure does not represent the experimental B4 structure very
well, since the rings in B4 are twisted as shown in Figure 14.
Some of the dihedral and bond angles are listed in Table 4.
The delocalisation indices calculated by Grande-Aztatzi
et al. 18,73 indicate that there is a covalent Cu–Cu bond in
molecule A4. However, we did not find a bond current vortex
between the copper atoms that would indicate a chemical bond.
In A0, there appears to be a very small vortex between the Cu–
Cu atoms, which based on the current density scale employed in
the streamline plots is so weak that its current strength is diffi-
cult to determine numerically. Based on the reported values for
Cu–Cu bond lengths in the literature,74–76 the distance between
the copper atoms is somewhat too long for a Cu–Cu bond. De-
tailed visual representations of the induced current densities be-
tween the copper atoms, as well as Cu–Cu distances are reported
in the ESI.† In order to check whether there is a Cu–Cu bond, we
applied the external magnetic field along the molecular plane but
perpendicularly to the Cu–Cu moiety. In the presence of a Cu–Cu
bond, one expects a current vortex between the Cu atoms, which
is typical for σ bonds. However, no bond current vortices between
the Cu atoms are seen for any of the dicupra[10]annulenes sug-
gesting that there is no Cu–Cu bond in the studied molecules.
The observed weak local paratropic currents arise not because of
a Cu–Cu bond vortex but because the atomic currents around the
copper atoms occupy a large volume. The vortices nearly touch
each other but do not merge.
Our calculations show that A4 sustains a net ring current of
15.13 nA/T suggesting that it is aromatic, which is in agreement
with with the results obtained by An et al. 27 The GIMIC calcu-
lations show that A2 is non-aromatic sustaining a net ring cur-
rent of 0.32 nA/T, because the diatropic and paratropic contribu-
tions are almost the same and cancel. Thus, the large positive
NICS(0)zz values obtained for A2 are not due to a net paratropic
ring current as suggested by An et al. 27
Conclusions
The lithium counterions, which are present in the experimen-
tal structures, play an important role for the molecular struc-
ture of the dicupra[10]annulene core, because they donate elec-
trons to the annulene moiety. The calculations show that
the dicupra[10]annulene core is planar only in the unsubsti-
tuted molecule with hydrogens bound to the carbons when it
is surrounded by four lithium counterions (A4). The unsub-
stituted dicupra[10]annulene rings surrounded by two or no
Li+ cations (A2 and A0) are non-planar. Steric effects from
the bulky trimethylsilyl and phenyl substituents deform the
dicupra[10]annulene ring in the studied molecules with four, two
and without Li+ counterions (B4, B2 and B0). The obtained
molecular structures suggest that A4 is the only aromatic molecule
among the six studied dicupra[10]annulenes.
The degree of aromaticity of the dicupra[10]annulenes was
estimated by performing current density calculations using the
GIMIC method. For comparison, current densities and current
strengths were calculated at the same level of theory for naphtha-
lene and [10]annulene. Naphthalene is a typical 10 pi-electron
system sustaining diatropic net current, which correlates with its
aromatic character. An unexpected but weak vortex for pi elec-
trons was found around the central bond of naphthalene.
Current density calculations on the dicupra[10]annulenes with
TMS and phenyl substituents show that they sustain very weak
ring currents in the [10]annulene ring. For B0, the net ring cur-
rent strength is -4.1 nA/T corresponding to a very weakly an-
tiaromatic or practically non-aromatic system. The ring-current
strengths of the non-aromatic B2 and B4 molecules are 1.2 nA/T.
The corresponding molecules with the large substituents replaced
by hydrogens (A0, A2, A4) sustain ring currents of 4.57 nA/T,
0.32 nA/T and 15.13 nA/T when they are exposed to an exter-
nal magnetic field perpendicularly to the molecular ring plane.
The dicupra[10]annulene core is aromatic only for the planar
molecule A4. The calculations show that there is no Cu–Cu bond
in any of the studied molecules. The obtained ring-current path-
ways show that the molecules are ten-member macrocyclic sys-
tems, rather than two fused six-member rings like naphthalene.
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